1. Introduction {#sec1}
===============

Itaconic acid (IA), produced by fungi, is a versatile vinyl compound functioning as a building block for synthetic polymers and exerts enzyme-inhibitory and anti-inflammatory effects \[[@bib1], [@bib2], [@bib3]\]. Owing to its properties, the demand for IA is increasing [@bib4]. To date, fungal IA producers such as *Aspergillus terreus* \[[@bib5], [@bib6]\], *A. itaconicus* [@bib7], *Ustilago maydis* [@bib8], *Candida* sp. [@bib9], and *Pseudozyma antarctica* [@bib10] have been isolated from soil, plants, and fermented foods. Typically, researchers have isolated organic acid producers on agar plates with a pH indicator and subsequently identified them as IA producers based on comprehensive analyses of their metabolites [@bib10]. However, the isolation of many consequential IA producers is limited due to the lack of suitable methods to screen IA producers directly.

To date, several studies have reported various approaches to quantify IA in microbial cultures. HPLC with a UV detector is a typical method for IA quantification [@bib11]. Kreyenschulte *et al.* [@bib12] used ^1^H NMR as a detector of HPLC for IA detection. Recently, a biosensor consisting of an IA-inducible promoter and LysR-type transcriptional regulator in engineered bacteria was used for the quantification of IA intra-/extracellularly [@bib13]. However, these methods require special devices and microbes. Other than these methods, the bromine absorption method for IA detection is simple [@bib14]; however, it shows low specificity due to the presence of other compounds having internal C--C double bonds, which also get brominated.

The Mizoroki--Heck coupling reaction is a specific coupling reaction of terminal C--C double bonds with aryl halide \[[@bib15], [@bib16]\]. We previously quantified acrylic acid in aqueous solutions containing contaminants, by labeling with iodobenzene (IB) using the coupling reaction [@bib17]. These results suggested that IA in microbial cultures containing contaminants could be labeled in the same way. Iodide anion formed by the reaction and subsequently oxidized with NaNO~2~ under acidic conditions can be quickly detected by an iodine test with starch, since the concentration of iodide ion is proportional to the reaction transition \[[@bib18], [@bib19]\]. In this study, a high-throughput screening method was developed for isolating fungi producing IA by using the Mizoroki-Heck reaction followed by an iodine test ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1The Mizoroki-Heck reaction of itaconic acid (IA) with iodobenzene (IB), followed by the iodine test.Fig. 1

2. Materials and methods {#sec2}
========================

2.1. Labeling reaction and iodine test {#sec2.1}
--------------------------------------

The condition of labeling reaction was optimized according to the method reported by Sano et al. [@bib17]. For the labeling reaction, 1--10 mM IA in water (10 μL), 180 mM IB in DMSO (10 μL), 375 mM K~2~CO~3~ in water (4 μL), and 4.5 mM Pd(OAc)~2~ in DMSO (2 μL), were added to a 96-well PCR plate (volume 0.1 ml) and heated at 80 °C for 1 h. Concentrated HCl (1.75 μL) was added to the mixture to adjust the pH of the mixture to 1. After the labeling reaction, 10 μL of the mixture was injected and monitored using HPLC (LaChrom Elite, Hitachi High-Technologies, Japan), equipped with a COSMOSIL 5C18-AR-II column (Nacalai Tesque, Kyoto, Japan). The reactants were eluted using water/acetonitrile/trifluoro acetic acid solutions. The flow rate was 1 mL/min, and the eluate was monitored at an absorbance of 210 nm. The column was calibrated using chemically synthesized 2-benzylidene succinic acid solutions as a standard.

The reaction transition was monitored using the iodine test in a 96-well microplate. After the labeling reaction, 50 μL each of 5% soluble starch and 5% NaNO~2~ were added to the reaction mixture and then cooled at --20 °C for 10 min. The developed color was measured with a microplate reader (iMark, Bio-Rad, USA) at 595 nm.

2.2. Isolation of fungi producing IA from soils {#sec2.2}
-----------------------------------------------

To evaluate the developed screening method, we isolated fungal samples from soils. Nineteen soil samples were collected from various places in Japan and plated onto potato dextrose agar supplemented with 25 μg/mL chloramphenicol. After 7 days of incubation at 30 °C, 240 filamentous colonies were randomly selected and then cultivated using 700 μL of the GM broth (per 1 L: 20 g glycerol, 0.154 g MgSO~4~·7H~2~O, 0.19 mg FeCl~2~·4H~2~O, 0.46 g NH~4~NO~3~, 15.4 mg KH~2~PO~4~, 96 mg CaCl~2~, 1.2 mg ZnSO~4~·7H~2~O, 2.3 mg CuSO~4~·5H~2~O) [@bib20], in a 96-deep-well plate kept on a shaker at 1600 rpm for 7 days at 30 °C (DWMAx M·BR-034P, TAITEC, Japan). After cultivation, 10 μL from each culture was used for labeling through the Mizoroki--Heck reaction.

The isolated strain was identified based on DNA sequence analysis of the ribosomal RNA gene [@bib21].

2.3. LC-MS analysis {#sec2.3}
-------------------

LC-MS was carried out using a Prominence UFLC-XR (Shimadzu, Kyoto, Japan) equipped with a Cadenza CD-C18 column (Imtakt, Kyoto, Japan) and an ESI-MS detector micrOTOF II-kp (Bruker, Massachusetts, United States). After the labeling reaction, 10 μL of the mixture was injected and monitored. The reactants were eluted using 0.1% formic acid/acetonitrile solutions with a flow rate of 0.2 mL/min. The absorbance of the eluate was monitored at 210 nm, and mass analysis was done in a negative ion mode.

3. Results and discussion {#sec3}
=========================

The labeled IA was detected at 12.5 min on the HPLC chromatogram when IB was added ([Fig. 2](#fig2){ref-type="fig"}A and B). The concentration of IA detected showed a good correlation (R^2^ = 0.9219) with the IA applied, in the concentration range of 0--10 mM ([Fig. 2](#fig2){ref-type="fig"}C), indicating that a specific labeling reaction occurred in a dose-dependent manner. The reaction yield after labeling was calculated as 0.485 mol/mol based on the slope of the formula (y = 0.485x), suggesting that the labeling reaction was affected by steric hindrance provided by the carboxyl group at the C-2 position of IA. The concentration of detected IA was 0.502 mM when 1 mM IA was subjected to the labeling reaction ([Fig. 2](#fig2){ref-type="fig"}A and B). The reaction yield (0.502 mol/mol) was in good agreement with the calculated reaction yield.Fig. 2Characterization of itaconic acid (IA) after labeling reaction with iodobenzene (IB). HPLC analyses of labeled IA after labeling reaction with 1 mM IA in the presence (A) or absence of IB (B). Red, blue, and yellow triangles indicate unreacted IA, labeled IA, and unreacted IB, respectively. (C) Plots prepared from the concentrations of IA used in the labeling reactions vs. the concentrations of the labeled IA quantified by HPLC analyses. The labeling reactions were performed with IA over 0.1--10 mM at 80 °C for 60 min. The data represent the average of the measurement of three independent experiments. Note: error bars are obscured by the symbols. (D) Plots prepared from the concentrations of IA used in the labeling reactions vs. the absorbances of color developed by the iodine test. After the labeling reaction, 50 μL each of 5% soluble starch and 5% NaNO~2~ were added to the reaction mixtures in a 96-well microplate and cooled at --20 °C for 10 min. The color developed was measured with a microplate reader at 595 nm. The data represent the average of the measurements of three independent experiments. Note: error bars are obscured by the symbols. (E) A microplate containing the reaction mixtures with 0--10 mM IA after adding soluble starch and NaNO~2~.Fig. 2

The absorbance of the developed color showed a good correlation (R^2^ = 0.9925) with applied IA ([Fig. 2](#fig2){ref-type="fig"}D and E), indicating that the reaction transition can be quickly monitored by measurement of the absorbance after the iodine test. The results suggested that the method can be extended to high-throughput detection of IA in microbial cultures. The detection limit of the developed method was calculated as 0.13 mM. It was observed that without IA, the culture medium did not show any color change. Recently, we have reported the applicability of the coupling reaction to determine and quantify acrylic acid, a vinyl compound, in a water sample containing contaminants without any interference from the latter [@bib16]. These findings indicated that the developed method has a high specificity against IA.

Of the 240 colonies, 37 (15.4%) showed color development after the iodine test, suggesting that these colonies produced IA-like vinyl compounds. From these, the mixture with the culture of a fungus named S12-1 was analyzed using an LC-MS system. A molecular ion at 205.0513 \[M-H\]^-^ was detected, which was consistent with the calculated molecular weight of the deprotonated-labeled IA (205.0501 \[M-H\]^-^) ([Fig. 3](#fig3){ref-type="fig"}). Besides, two decarboxylated anions (observed at, 161.0612 \[M-CO~2~H\]^-^ and 117.0710 \[M-C~2~O~4~H\]^-^, with calculated molecular weight 161.0603 \[M-CO~2~H\]^-^ and 117.0704 \[M-C~2~O~4~H\]^-^), were confirmed on the MS chromatogram. In general, decarboxylation occurs in the carboxyl groups of dicarboxylic acids having more than three carbon atoms [@bib22]. The mass analysis showed that the S12-1 strain produced IA. The concentration of IA in the S12-1 culture in a 96-deep-well plate was found to be 0.94 mM. Sequencing of the ribosomal RNA gene revealed that S12-1 showed 99% match with *A. terreus*, thus identifying S12-1 as *A. terreus*. This finding is consistent with the fact that *A. terreus* thrives in soil \[[@bib23], [@bib24], [@bib25]\].Fig. 3The LC-MS analysis of the culture of S12-1 after the labeling reaction.Fig. 3

Herein, we conclude that the findings of the present study validated through the identification of *A. terreus* could be extended to screen and identify other vital fungi producing IA by using a coupling reaction.
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